Objective: This study was conducted to determine the relationship of frontal lobe cortical thickness and basal ganglia volumes to measures of cognition in adults with sickle cell anemia (SCA).
Neurocognitive deficits among children with sickle cell anemia (SCA) have been reported in a variety of domains, [1] [2] [3] [4] [5] [6] but deficiencies in intellectual function (IQ) have been the most consistently documented. 3, [6] [7] [8] [9] [10] Cognitive dysfunction in SCA appears to worsen with age, 7, 11 and individuals with SCA are now living longer. 12 Unfortunately, few studies have evaluated cognitive functioning or associated structural brain abnormalities in adults with SCA. One previous study by our research group demonstrated that neurologically asymptomatic adults with SCA exhibited prominent weaknesses on measures of IQ, but no link to structural brain abnormalities was documented. 13 In children with SCA, the association between cerebrovascular lesions and IQ is well established. 5, 6, 8, 9, 14, 15 However, because a significant proportion of both children and adults with SCA do not have cerebrovascular lesions, 5, 13, 16 additional CNS factors likely contribute to cognitive dysfunction. Frontal lobe cortical atrophy [17] [18] [19] [20] [21] and gray matter growth delays in the basal ganglia and thalamus reported in children and adolescents with SCA [22] [23] [24] may represent factors contributing to poorer intellectual function in adults with SCA. This study was conducted to evaluate MRI characteristics of neurologically asymptomatic adults with SCA to determine the relationship of these characteristics with IQ. We hypothesized that participants with SCA would exhibit reductions in frontal lobe cortex thickness and reduced subcortical gray matter (basal ganglia and thalamus) volume, which would be significantly associated with measures of IQ. METHODS Participants. Participants were enrolled from 12 medical center sites that were part of the Comprehensive Sickle Cell Centers program in the United States from December 2004 to May 2008. Adults with SCA were excluded if they had a history of prior head injury resulting in neurologic symptoms or medical visit, stroke, abnormal neurologic examination or neuroimaging findings; chronic end-organ disease; or evidence of depression at baseline screening. Neurologically asymptomatic adults with SCA (n 5 160) and healthy controls (HCs) (n 5 52) were enrolled and stratified using a 3:1 ratio. Controls were matched for race, age, sex, and education. Eligibility criteria, participant disposition, and the participating centers were previously described. 13 Of the eligible participants, 146 adults with SCA and 47 HCs completed the cognitive assessment, and 141 adults with SCA and 44 HCs had MRI scans. Of these, 120 participants with SCA and 33 HCs had scans of sufficient quality to complete volumetric and cortical thickness analyses. None of the participants were excluded from participation on the basis of abnormal MRI results.
Standard protocol approvals, registrations, and patient consents. Institutional review boards at all sites approved all aspects of this study. Written informed consent was provided by all participants.
MRI evaluation. The University of California, San Francisco
Center for Imaging of Neurodegenerative Diseases was the MRI reading center.
Imaging acquisition. All MRI scans were performed on 1.5-tesla scanners on various platforms across the 12 sites. The imaging sequence used for volumetric analyses was a 3-dimensional T1-weighted image magnetization-prepared rapidacquisition gradient echo (MP-RAGE) or spoiled gradient recalled echo. The nominal parameters of the MP-RAGE were as follows: coronal plane, repetition time (TR)/echo time (TE)/T1 5 10/4/300 milliseconds, flip angle 15°, 256 3 256 in-plane matrix, and 1.5-mm slice thickness. The nominal parameters of the spoiled gradient recalled echo were comparable to that of the MP-RAGE-coronal plane, TR/TE/T1 5 9/4/300 milliseconds, flip angle 15°, 256 3 256 in-plane matrix, and 1.5-mm slice thickness-but varied slightly across sites within an acceptable range. TR range was 9-11 milliseconds, TE range was 4-5 milliseconds, and flip angle was 15°or 20°. To ensure betweensite consistency, scanner qualification and monitoring were performed at the Center for Imaging of Neurodegenerative Diseases using the American College of Radiology phantom and its qualification routine. 25 Once scanners were harmonized using phantoms, each site then performed a test-retest scan on a volunteer to confirm that sequences were stabilized in repeat human brain scans.
Image processing. The image processing was performed using FreeSurfer version 4.5 (http://surfer.nmr.mgh.harvard.edu/).
FreeSurfer is a fully automated image-processing suite that provides cortical thickness and volume measurements in 116 total cortical and subcortical regions of the brain (figure). The technical details of these procedures are described elsewhere. [26] [27] [28] Primary regions of interest for this study included volumetric measurement of the basal ganglia and thalamus, thickness of the frontal lobe cortex, volume of white matter hypointensities, and the presence of lacunes. Basal ganglia volumes included the putamen, caudate, and pallidum. A basal ganglia 1 thalamus total volume was calculated by summing the volume of each of these structures and averaging across the 2 hemispheres. Frontal lobe cortical thickness was obtained by summing average thickness measurements for each subregion of the frontal lobe and averaging thickness measurements across the 2 hemispheres. Thickness measurements of temporal, occipital, and parietal lobes were also calculated for secondary analyses in the same manner. Total intracranial volume (ICV) was used in regression models to account for variability in head size. White matter abnormalities
Figure
FreeSurfer parcellation of the brain were evaluated 2 ways: (1) volumes of white matter hypointensities were obtained utilizing the T1 MRI using FreeSurfer, and (2) the presence and severity of lacunes was rated by independent and blinded raters using standardized criteria.
Neurocognitive assessment. Neurocognitive evaluations at each site were conducted by neuropsychologists trained in the administration and scoring of the tests. 13 All neuropsychological data were reviewed and validated by the coordinating center neuropsychologist for quality purposes. The primary cognitive outcomes were the Wechsler Adult Intelligence Scale, 3rd edition (WAIS-III) 29 Performance IQ (PIQ), Processing Speed Index (PSI), Perceptual Organization Index (POI), Working Memory Index (WMI), and Full Scale IQ (FSIQ). Secondary outcome variables included the WAIS-III Verbal IQ and Verbal Comprehension Index. All cognitive scores were adjusted for age at the time of testing.
Statistical analysis. The 2 groups were compared on demographic and baseline measures using Fisher exact tests for categorical variables (education #12 years vs .12 years, sex) and Mann-Whitney tests for continuous variables. To compare patients and controls on the primary cognitive outcomes for each MRI region, linear regression models were fit to the data. When comparing groups, each regression model was adjusted for age, sex, education, and ICV. An exploratory analysis of secondary MRI regions was done, and the resulting p values were adjusted using a false discovery rate correction 30 after controlling for the effect of ICV, age, sex, and education. Group performance was evaluated using a linear mixed-effects model on measures of cognitive functioning. These models included age, sex, education, and a diagnosis by cognitive subscale interaction. They were fit using a random intercept and a compound symmetry correlation structure. Subsequently, linear regression models were fit to evaluate the relationship between cognitive performance variables differentiating the 2 groups (PIQ, PSI, POI, WMI, FSIQ) and MRI regions of interest, while adjusting for age, sex, education, and hemoglobin within the SCA group. Volumes and thicknesses were centered on their means and scaled by their SDs. Additional analyses were performed, excluding subjects with lacunes, to evaluate their effect on the results. Model fits were evaluated by an analysis of the residuals. Statistical analyses were generated using R version 2.12.2.
RESULTS Demographic and clinical characteristics.
There were no significant differences between SCA and HC participants regarding age, education, sex, or Mini-Mental State Examination score ( Age was significantly associated with brain structure, but the effect of age did not differ between groups and scanner site was not significantly associated with brain structure measurement. In secondary analyses, participants with SCA had smaller thickness of the temporal lobe (t 5 23.65, p , 0.001) and parietal lobe (t 5 22.68, p 5 0.009) relative to HCs after adjusting for multiple comparisons. The 2 groups did not differ on occipital lobe thickness. Furthermore, the SCA and control groups did not differ significantly on presence of lacunes or volume of white matter hypointensities, and white matter hypointensity volumes also did not differ between groups after removing individuals with lacunes. Of note, in exploratory analyses, basal ganglia and thalamus volume was not associated with hemoglobin level (t 5 1.42, p 5 0.16).
Cognitive functioning. Consistent with previous findings, 13 Exploratory brain structure differences between SCA and control groups. After testing our a priori hypotheses, we conducted exploratory analyses comparing brain structure differences between SCA and control participants. FreeSurfer was used to evaluate 34 regions for cortical thickness (averaged across hemispheres) and 3 subcortical gray matter volumes that were not included in our primary analyses (hippocampus, amygdala, nucleus accumbens). After correcting for multiple comparisons and controlling for ICV, age, sex, and education, 17 regions differentiated the 2 groups (table e-2). In the SCA group, statistically significant reductions were found in measures of frontal, parietal, and temporal lobe cortical thickness and volume of the amygdala.
DISCUSSION Previous studies have suggested that frontal lobe abnormalities may be associated with IQ deficiencies in children with SCA 22 and that metabolic abnormalities and gray matter growth delays occur in the basal ganglia and thalamus in children with SCA. [17] [18] [19] [20] [21] However, structural brain abnormalities of cortical thickness or basal ganglia volumes in neurologically asymptomatic adults with SCA have not been reported. Therefore, our observation that reduced cortical thickness and reduced volumes of subcortical gray matter are evident in adults with SCA is important. Furthermore, although the link between cerebrovascular lesions and SCA is well established, 31, 32 we did not observe a greater burden of white matter abnormalities measured by white matter lesion volumes or visual ratings of the presence and severity of lacunes in participants with SCA relative to controls. As a result, we suspect that the observed abnormalities in cortical and subcortical gray matter structures are not primarily the result of cerebrovascular disease.
We first replicated our prior findings of cognitive dysfunction in adults with SCA, which was also consistent with numerous studies documenting cognitive performance deficiencies in children with SCA. 3, [6] [7] [8] [9] [10] We then replicated these results after removing all individuals with cerebrovascular lesions, indicating that cerebrovascular lesions are not the only contributors to deficient cognitive functioning in SCA, 5, 6, 8, 9, 14, 15 and we also found that the effect of age on cognition did not differ between participants with SCA and controls. Taken together, our results suggest that (1) cognitive dysfunction is evident in neurologically asymptomatic SCA, (2) age does not affect cognitive performance of individuals with SCA to a greater degree than controls, and (3) cognitive dysfunction cannot be adequately explained by cerebrovascular lesions. These findings underscore the potential contribution of other structural brain abnormalities to cognitive dysfunction in SCA.
Our most significant observation is the association of basal ganglia and thalamus volumes to measures of cognitive functioning (PIQ, POI, WMI) in adults with SCA accounting for the presence of lacunes. These findings represent the first published report of structural brain abnormalities, other than cerebrovascular lesions, to be associated with cognitive dysfunction in adults with SCA. Because a significant proportion of both children and adults with SCA do not have cerebrovascular lesions, 5, 13, 16 our findings suggest that basal ganglia and thalamus abnormalities may represent a salient contributor to cognitive dysfunction in adults with SCA. This conceptualization is consistent with emerging data supporting the role of the basal ganglia in cognitive set shifting, planning, and visuospatial attention. 33, 34 Our hypothesis that cognitive dysfunction is associated with frontal lobe thickness was not supported. These findings are inconsistent with a recent study reporting that cortical atrophy, particularly in the frontal lobes, may be a particularly salient aspect of SCA contributing to IQ deficits in children with SCA 22 and healthy children without SCA. 35 Of note, it is possible that our use of an aggregate bilateral measure of frontal lobe thickness, rather than investigation of lateralized subregions of the frontal lobe in association with cognition, 36 contributed to our results. Furthermore, although frontal lobe cortical thickness was not associated with cognition, our exploratory analyses found that there are other cortical thickness abnormalities evident in temporal and parietal regions in SCA. As such, the association of additional cortical abnormalities and lateralized cortical associations with cognition in adults with SCA represent important factors to be explored in future studies. Also, the impact of hemoglobin on cognitive function was not statistically significant after accounting for other Table 4 Associations between MRI regions of interest and measures of cognitive functioning in asymptomatic adults with sickle cell anemia (n 5 120) clinical and demographic characteristics. Our current findings suggest that this relationship may not be as robust as was found in our previous report, 13 and additional future studies will clarify this association. The etiology of structural brain abnormalities and cognitive dysfunction in adult patients with SCA is likely complex. In addition to vasculopathy, adults with SCA experience cumulative morbidity as a result of multiorgan dysfunction secondary to inflammatory processes. In the brain, this may contribute to the patterns of regional brain atrophy and associated cognitive dysfunction we observed. Additionally, arthritis, sleep apnea, and chronic pain are also common manifestations of SCA that have been associated with changes in brain morphology, including the basal ganglia and thalamus, and cognitive dysfunction. [37] [38] [39] [40] As novel therapies addressing inflammation and hypoxia reperfusion injury in SCA are entering clinical trials, these interventions may alter the CNS pathology of this disease and associated cognitive dysfunction.
Our study had several limitations. First, our sample consisted of neurologically intact adult patients with SCA who sought treatment and agreed to participate in this study. They were not representative of the larger SCA patient population. Second, our a priori hypotheses were limited regarding brain regions that we compared between the 2 groups. Subsequent exploratory comparisons suggested additional regions of interest. Third, our study was cross-sectional and although subcortical gray matter volumes were associated with poorer performance on measures of cognitive function, we cannot conclude that this is a causal relationship.
Among neurologically intact adults with SCA, cortical thickness abnormalities and smaller subcortical gray matter volume in the basal ganglia and thalamus were prominent. White matter abnormalities were not evident in patients with SCA relative to controls. Structural brain abnormalities in the basal ganglia and thalamus were associated with cognitive dysfunction in patients with SCA but frontal lobe thickness and white matter abnormalities were not. Our results indicate that subcortical gray matter abnormalities may be an important and understudied contributor to cognitive dysfunction in patients with SCA. Clarification of these relationships may lead to improved intervention for cognitive dysfunction in neurologically intact adults with SCA.
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